Cytokines can in¯uence the interactions between members of the integrin cell adhesion receptor family and the extracellular matrix thereby potentially aecting cell function and promoting cell adhesion, growth and migration of malignant astrocytoma tumor cells. As malignant astrocytoma cells synthesize TGF-b1 in vivo, we analysed the eects of TGF-b1 on signaling events associated with integrin receptor ligation, focusing on the eects on paxillin, a phosphorylated adaptor protein, that acts as a scaold for signaling molecules recruited to focal adhesions. TGF-b1-stimulation of primary astrocytes and serum-starved U-251MG malignant astrocytoma cells attached to ®bronectin induced a substantial increase in the levels of paxillin protein (®vefold increase at 2.0 ng/ml) in a dose-and timedependent manner compared to the levels observed on plating onto ®bronectin in the absence of stimulation. In the astrocytoma cells, this resulted in an increase in the pool of tyrosine-phosphorylated paxillin, although it did not appear to alter the extent of phosphorylation of the paxillin molecules. In contrast, in primary astrocytes the protein levels were upregulated in the absence of a parallel increase in phosphorylation. The TGF-b1-stimulated increase in paxillin levels required ligation of the ®bronectin receptor, as it was not induced when the cells were plated onto vitronectin, collagen or laminin. The increase in the pool of paxillin on TGFb1 stimulation of the ®bronectin-plated astrocytoma cells was associated with an increase in translation, but was not associated with an increase in the steady-state levels of paxillin mRNA. Stimulation with TGF-b1 on a ®bronectin substrate increased subsequent attachment and spreading of U-251MG cells onto ®bronectin and, to a lesser extent, vitronectin, but not collagen. Our results indicate that physiologic levels of TGF-b1 stimulate the expression of paxillin protein at the level of translation through a process that requires engagement of the ®bronectin receptor, and promotes attachment and spreading of malignant astrocytoma cells on ®bronectin.
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Introduction
Members of the integrin cell adhesion receptor family provide a link between the extracellular environment and the cytoplasm (Giancotti and Ruoslahti, 1999) , which contribute to the regulation of cell proliferation, migration and gene transcription (Giancotti and Ruoslahti, 1999; Gladson, 1999) . The interactions of the integrin receptors with the extracellular matrix can be modi®ed by cytokines, including TGF-b1, as well as platelet-derived growth factor, and angiotensin II (Turner, 1998; Giancotti and Ruoslahti, 1999) . Although the eects of cytokine regulation on integrin interactions and signaling are of particular interest in tumor cells, they have not been well characterized in astrocytoma cells.
Integrin receptor attachment to extracellular matrix proteins initiates a cascade of signaling events in a dynamic process that leads to the recruitment of multiple cytoskeletal and regulatory proteins to the cytoplasmic face of cell attachment sites (focal adhesions). The formation of focal adhesions in ®broblasts requires changes in the actin-based cytoskeleton that occur through an ordered hierarchial activation of the Rho family of small GTPases, in which activation of Cdc42 progresses through Rac to Rho (Hall, 1994) . The proteins that localize to the focal adhesions include the adaptor proteins, paxillin and p130CAS; the cytoskeletal proteins, vinculin and a-actinin; and the regulatory proteins, focal adhesion kinase (FAK) and Src (Giancotti and Ruoslahti, 1999) . Paxillin plays a key role in this process, acting as a scaold for signaling molecules at focal adhesions. It is a 66 kDa adaptor protein that contains multiple domains, including a proline-rich consensus SH3 binding site, four cysteine/histidine rich motifs of 51 amino acids (LIM domains), ®ve leucine rich domains (LD motifs), several potential tyrosine phosphorylation sites, and other sequences that are involved in protein ± protein interactions (reviewed in Turner, 1998) .
Integrin receptor ligation results in integrin clustering in the cell membrane and in a temporally related manner the activation of FAK (Giancotti and Ruoslahti, 1999) . Following the activation of FAK, Src kinase associates with FAK resulting in a Src/FAK complex that phosphorylates several substrates, including paxillin. Current data suggests that integrin receptor signaling events require integrin receptor localization to focal adhesions. Therefore, cytokines that promote integrin receptor organization of the cytoskeleton could enhance signaling events occurring at focal adhesions.
TGF-b1 has been reported to up-regulate the expression of Hic-5 mRNA, a paxillin family member Figure 1 TGF-b1 Stimulation increases paxillin protein expression in a dose-dependent manner in astrocytic cells. Serum-starved U-251MG cells or primary rat astrocytes were plated onto ®bronectin in serum-free media for 5 h, plus/minus TGF-b1 stimulation (0 ± 18 ng/ml), followed by 1% NP40 lysis, SDS ± PAGE of equivalent microgram of lysate and Western blot analysis with mAb anti-paxillin (a,c,h). The membranes were stripped and reprobed with mAb anti-actin (b,i). (c) U-251MG cells were transiently transfected with the Hic-5 cDNA (lane 1) or vector control (lane 2), plated onto ®bronectin for 5 h and then detergent lysed and Western blotted with mAb anti-paxillin. (d,e,f,g) U-251MG cells were plated as above, followed by lysis with RIPA buer with the addition of 1% SDS, SDS ± PAGE of equivalent migrogram of lysate and Western blot analysis with mAb anti-paxillin (d), or rabbit anti-a5 IgG (f) stripping and re-probing with mAb anti-actin (e,g) (Shibanuma et al., 1994) . Moreover, it has been reported that TGF-b1 is synthesized by some tumors, such as malignant astrocytomas (Kjellman et al., 2000) . As our laboratory has been studying the integrin-mediated signaling pathways that promote malignant astrocytoma cell invasion (Gladson, 1999; Wang et al., 2000) , we investigated the regulation of paxillin by TGF-b1 in malignant astrocytoma cells. Here, we report that TGF-b1 stimulation in cooperation with the engagement of the a5b1 ®bronectin receptor integrin increases paxillin protein expression signi®cantly and enhances cell attachment and spreading.
Results

TGF-b1 stimulation up-regulates paxillin protein expression in astrocytic cells adherent to fibronectin
To estimate the expression of paxillin, we prepared cell extracts from U-251MG human malignant astrocytoma cells that had been allowed to attach to ®bronectin in serum-free media for 5 h in the presence of increasing concentrations of TGF-b1 (0 ± 18 ng/ml) and analysed the lysates by Western blot analysis using a monoclonal antibody to paxillin. As anticipated, the monoclonal anti-paxillin antibody revealed a doublet migrating with relative molecular masses of 64 and 66 kDa ( Figure 1a ). We found that the level of paxillin protein was up-regulated upon TGF-û1 stimulation with a maximal response occurring after stimulation for 5 h with 2.0 ng/ml TGF-b1 (Table 1 ). These conditions (2.0 ng/ml, 5 h) were used in all the subsequent studies of TGF-b1 stimulation of U-251MG cells reported here.
As paxillin is a member of the family of homologous proteins that contains Hic-5, we investigated the possibility that the mAb anti-paxillin recognizes Hic-5. Hic-5 cDNA was expressed transiently in U-251MG cells and cell lysates analysed by Western blot analysis using the antipaxillin monoclonal antibody (Figure 1c ). In these lysates, the monoclonal antibody did react with protein with a relative molecular mass of 50 kDa, consistent with the migration pattern of Hic-5 (Figure 1c) . However, in all subsequent experiments of astrocytoma cells, the anti-paxillin monoclonal antibody revealed proteins with molecular weights consistent with those of paxillin and proteins that migrated faster than 64 kDa, as would Hic-5 protein, was not detected.
The observed increase in the levels of paxillin protein in the cell lysate could re¯ect an alteration in the detergent solubilization of a speci®c cellular compartment. To address this issue, U-251MG cells plated onto ®bronectin in serum-free media, in the presence and absence of TGF-b1 stimulation (2.0 ng/ ml) were lysed directly in RIPA buer with the addition of 1% SDS prior to Western blot analysis with mAb anti-paxillin (Figure 1d) . A substantial increase in paxillin protein expression (&fourfold) was observed in the TGF-b1-stimulated cells (Figure 1d , lanes 1 and 2). Stripping and reprobing of the membrane with mAb anti-actin demonstrated no change in actin expression in the absence or presence of TGF-b1 stimulation ( Figure 1e , lanes 1 and 2), indicating that, when normalized to actin, the increase in paxillin expression with TGF-b1 stimulation was similar to that seen when the cells were lysed in 1% NP40. These experiments demonstrate that the increase in paxillin with TGF-b1 stimulation in cells plated onto ®bronectin is not due to an alteration in the detergent solubilization of a speci®c cellular compartment.
As an additional control, we Western blotted the same cell lysates with rabbit anti-a5 IgG directed toward the a5 integrin subunit that pairs with b1 to form the ®bronectin receptor. We found a band migrating at 160 kDa plus/minus TGF-b1 stimulation that was of equivalent intensity ( Figure 1f , lanes 1 and 2). This indicates that the total cellular level of the a5b1 integrin does not change with TGF-b1 stimulation.
To determine whether TGF-b1 stimulation increases paxillin expression in normal astrocytes, primary rat astrocytes were plated onto ®bronectin in serum-free media and stimulated with TGF-b1 for 5 h. Western blot analysis of the cell extracts indicated that 6.0 ng/ ml TGF-b1 stimulation resulted in a maximal increase in paxillin protein expression in the normal astrocytes (Figure 1h ), similar to that described for the malignant astrocytic cells. Stripping and re-probing with mAb anti-actin con®rmed similar protein loading in all lanes ( Figure 1i) .
TGF-b1 up-regulation of paxillin protein expression in astrocytic cells occurs in a matrix-dependent manner
We have reported previously that U-251MG cells can attach to various extracellular matrix substrates and that dierent integrin receptors mediate these interactions. U-251MG cells utilize integrin a5b1 in attachment to ®bronectin, integrins a2b1 and a3b1 in attachment to collagen, and integrin a6b1 in attachment to laminin (Pijuan-Thompson and Gladson, 1997) . To determine if the stimulatory eect of TGF-b1 on paxillin protein expression is dependent on the matrix interactions, U-251MG cells were allowed to attach to vitronectin (Figure 2a ,b), ination of these puri®ed matrix proteins with TGFb1, an ELISA assay for TGF-b1 was performed. We found undetectable quantities of TGF-b1 in the vitronectin, collagen and laminin preparations, and 9.0 pg/ml of TGF-b1 in the ®bronectin preparation (data not shown). These data suggest that TGF-b1 upregulates paxillin during interaction of malignant astrocytomas with ®bronectin speci®cally. This speci®city for ®bronectin suggests that a cooperation between the integrin receptor, a5b1, and TGF-b1 is most likely necessary for TGF-b1 stimulation of paxillin protein expression in these cells. To determine whether the increase in paxillin protein expression could be due solely to engagement of the a5b1 ®bronectin receptor integrin, U-251MG cells were plated on ®bronectin, vitronectin or laminin in serum-free media for 5 h, lysed in 1% NP40 buer, and subjected to Western blot analysis with mAb anti-paxillin. We found that the expression of paxillin protein in cells was similar in cells adherent to ®bronectin, vitronectin, and laminin ( Figure 2g ). Stripping and reprobing with mAb anti-actin demonstrated similar protein loading in all lanes (Figure 2h) . Thus, the increase in paxillin protein in cells adherent to ®bronectin with TGF-b1 stimulation is not due solely to engagement of the a5b1 ®bronectin receptor. To rule out the possibility that TGF-b1 stimulation of U-251MG cells adherent to ®bronectin increased cell surface expression of integrin a5b1,¯uorescent activated cell sorter (FACS) analysis was performed. We found no increase in integrin a5b1, avb3, or avb5 expression after plating the cells on ®bronectin, plus/minus TGF-b1 stimulation, for 5 h (data not shown), indicating an altered expression of integrin a5b1 does not account for the increased paxillin expression observed with TGF-b1 stimulation.
TGF-b1 stimulation of astrocytic cells attached to fibronectin does not increase tyrosine phosphorylation of paxillin
The phosphorylation status of paxillin plays an important role in determining its interactions with the various proteins that interact with this adaptor protein. Therefore, we determined whether TGF-b1 stimulation increased the extent of tyrosine phosphorylation of paxillin in the astrocytic cells. U-251MG cells and primary rat astrocytes were allowed to attach to ®bronectin in serum-free media for 5 h in the presence of increasing concentrations of TGF-b1, detergent lysed, and equivalent amounts of lysate from each sample immunoprecipitated with mAb anti-paxillin, followed by SDS ± PAGE, and Western blot analysis with rabbit anti-phosphotyrosine. Subsequently, the membrane was stripped and re-probed with mAb anti-paxillin. The IgG used for immunoprecipitation was revealed by the secondary antibody used in the Western blots as a band at 55 kDa. As anticipated, expression of paxillin protein was increased in both U-251MG cells and primary astrocytes upon TGF-b1 stimulation (Figure 3b,d , respectively), consistent with the previous Western blot analyses of paxillin protein in U-251MG cells ( Figure 1a ) and in primary astrocytes (Figure 1h ). In U-251MG cells, a TGF-b1-stimulated increase in tyrosine phosphorylation was observed (Figure 3a) , which re¯ected the increase in paxillin protein ( Figure  3b ). In the primary rat astrocytes, TGF-b1 stimulation increased paxillin protein expression (Figure 3d ), but in these cells an equivalent increase in the level of tyrosine phosphorylation of paxillin was not observed (Figure 3c ). These data indicate that TGFb1 stimulation increases the pool of tyrosine phosphorylated paxillin in the malignant astrocytic cells attached to ®bronectin, but does not increase the extent of tyrosine phosphorylation of the paxillin in either the malignant astrocytic cells or normal astrocytes attached to ®bronectin.
TGF-b1 stimulation increases paxillin protein translation, but fails to alter the steady-state levels of paxillin mRNA
We then investigated the mechanism(s) by which TGF-b1 stimulation increases the expression of paxillin protein. Northern blot analysis indicated that the level of paxillin mRNA increased by 30% on stimulation with TGF-b1 (2.0 ng/ml) (Figure 4a , lanes 1 and 2). Repeats of this experiment showed a 15% variability in the increase in paxillin message after TGF-b1 stimulation, as assessed by Northern blot analysis. This suggests that TGF-b1 does not signi®cantly alter paxillin transcription under these conditions. Ethidium-bromide staining of the gel indicated an equivalent loading of ribosomal RNA in both lanes (Figure 4b) .
To determine whether TGF-b1 stimulation altered the half-life of paxillin protein, U-251MG cells plated onto ®bronectin, in the presence or absence of TGFb1 stimulation, were pulsed with [
35 S]Methionine/ cysteine, and then chased with cold media. Equivalent TCA-precipitable counts were immunoprecipitated with mAb anti-paxillin, and subjected to SDS ± PAGE, followed by autoradiography (Figure 4c) . At time 0, the intensity of the 35 S-labeled paxillin band was fourfold greater in cells stimulated for 5 h with TGF-b1, than in cells grown in the absence of TGFb1 stimulation (Figure 4c ), which is consistent with TGF-b1 stimulation of paxillin translation. At subsequent time points between 4 and 24 h, the intensity of the 35 S-labeled paxillin band in the TGFb1-treated cells was increased slightly as compared to that of the non-treated cells. The 35 S-labeled paxillin band decreased signi®cantly in intensity between 8 and 24 h, in both treated and untreated cells, indicating that the half-life of paxillin protein is between 8 and 24 h in both cases. Taken together, our data suggest that TGF-b1 up-regulation of paxillin protein in U-251MG cells is associated with an increase in paxillin translation, but is not associated with altered paxillin transcription.
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TGF-b1 stimulation promotes malignant astrocytoma cell attachment and spreading
To determine whether the increase in paxillin protein with TGF-b1 stimulation altered cell adhesion properties, cell attachment assays were performed. TGF-b1 stimulation of U-251MG cells adherent to ®bronectin, followed by replating of the cells onto ®bronectin or vitronectin, increased cell attachment by 40 and 20%, respectively, but failed to alter cell attachment to collagen (Figure 5a) . Furthermore, the U-251MG cells replated onto ®bronectin or vitronectin for 30 min after TGF-b1 treatment showed a twofold and a 1.2-fold increase in cell spreading, respectively, as compared to untreated cells (Figure 5b) . At a later time point, 1 h after replating onto ®bronectin or vitronectin, no dierence in cell spreading was detected between cells previously stimulated with TGF-b1 or not. These data suggest that paxillin promotes adhesion and more rapid spreading of malignant astrocytoma cells to some ligands.
TGF-b1 stimulation promotes extension of filopodia and lamellipodia in cells plated onto fibronectin
As paxillin recruits a complex of proteins, including small GTPases, to the plasma membrane that mediate reorganization of the actin-based cytoskeleton, we investigated the eect of TGF-b1 on cytoskeletal organization. No change was detected by immunouorescent analysis in the morphology of the U-251MG cells, stress ®ber formation, or the localization of a5b1 and paxillin to focal adhesions after 5 h of attachment to ®bronectin independent of TGF-b1 stimulation (data not shown). However, in cells plated onto ®bronectin plus TGF-b1 stimulation for 5 h, followed by cell harvesting with buered EDTA and replating onto ®bronectin for 30 min, paxillin localized to the plasma membrane in ®lopodia and lamellipodia (Figure 6b ), phalloidin staining demonstrated polymerized actin in the cytoplasmic extensions (Figure 6d ), and integrin a5b1 and Crk colocalized to the plasma membrane in ®lopodia and Figure 3 TGF-b1 stimulation fails to increase paxillin phosphorylation on tyrosine residues. Serum-starved U-251MG cells (a,b) and primary rat astrocytes (c,d) were plated onto ®bronectin, plus/minus TGF-b1 stimulation (0 ± 18 ng/ml), in serum-free media for 5 h, followed by 1% NP40 lysis, immunoprecipitation of equivalent micrograms of lysate with mAb anti-paxillin, SDS ± PAGE of the immunoprecipitates, and transfer to Immobilon. Subsequently, the membranes were probed with rabbit anti-phosphotyrosine (a,c), stripped and reprobed with mAb anti-paxillin (b,d). The IgG used for immunoprecipitation was revealed as a band at 55 kDa by the secondary antibody used in the Western blots lamellipodia (Figure 6f ). In contrast, in unstimulated U-251MG cells, paxillin remained localized to the cytoplasm, along with integrin a5b1 and Crk ( Figure  6a ,e, respectively), and cortical actin was not detected (Figure 6c ).
Discussion
In this report, we characterized the ability of TGF-b1 to regulate paxillin protein expression in malignant astrocytoma cells. We found that physiologic levels of TGF-b1 up-regulate the expression of paxillin protein in malignant astrocytoma cells and in primary astrocytes, but did not increase paxillin phosphorylation on tyrosine residues. Furthermore, we demonstrate that TGF-b1 cooperates with the a5b1 ®bronectin receptor integrin in up-regulating paxillin protein, this regulation occurs largely at the level of translation, and results in increased cell attachment and spreading on some ligands. We show that TGF-b1 up-regulates paxillin protein in malignant astrocytoma cells in a dose-and timedependent manner. This ®nding is consistent with the previous report that TGF-b1 up-regulates the expression of Hic-5 mRNA, a paxillin family member expressed in ®broblasts (Shibanuma et al., 1994) . Hic-5 has signi®cant homology with paxillin and the monoclonal antibody used in these studies reacts with this molecule, but Hic-5 was not detected in the primary astrocytes and malignant astrocytoma cells used in this study under any of the experimental conditions. This is consistent with the reported dierence in the tissue distribution of Hic-5 and paxillin (Shibanuma et al., 1994) and the apparent dierences in function, with Hic-5 protein being up-regulated in senescent ®broblasts and undetectable in many tumor cell lines (Fujita et al., 1998) .
The mechanism by which TGF-b1 up-regulates paxillin protein expression in the ®bronectin-adherent astrocytomas was associated largely with translation whereas the mechanism underlying TGF-b1 up-regulation of Hic-5 has been reported to be associated with transcription. Given the dissimilarity in distribution and function of these two proteins, the utilization of dierent regulatory mechanisms is not surprising. Smethione-cysteine labeling, followed by a cold chase, and immunoprecipitation with mAb anti-paxillin, as described in the Materials and methods Smethionine/cysteine labeled U-251MG cells that had been serumstarved were plated onto ®bronectin in serum-free media for 5 h, plus/minus 2.0 ng/ml TGF-b1 stimulation, harvested with buered EDTA, replated onto wells coated with ®bronectin, vitronectin, collagen or ovalbumin, and allowed to attach for 30 min (378C, 5% CO 2 ). Subsequently, the wells were washed 36, cells were harvested with trypsin and counted in a scintillation counter. Attachment to ovalbumin was subtracted. Cell conditions were plated in replicas of six, and the data is presented as the mean+s.e.m. (b) U-251MG cells treated as in A were harvested, replated onto wells coated with ®bronectin, vitronectin, or collagen and allowed to attach for 30 min (378C, 5% CO 2 ). Cells with ®lopodia and /or lamellipodia were counted in eight ®elds at 206magni®cation in each condition. The data is presented as the mean percentage of cells+s.e.m. with ®lopodia and/or lamellipodia in each condition TGF-b1 stimulation failed to increase the level of tyrosine phosphorylation of paxillin in primary astrocytes resulting in an increase in the pool of unphosphorylated paxillin. In the U-251MG malignant astrocytoma cells, the level of tyrosine phosphorylation paralleled the increase in the level of paxillin protein, resulting in an increase in the pool of tyrosine phosphorylated paxillin. Other investigators have shown previously that TGF-b1 stimulation increased phosphorylation of paxillin on tyrosine residues in rat Figure 6 TGF-b1 stimulation promotes extension of ®lopodia and lamellipodia in U-251MG cells plated onto ®bronectin. Serumstarved U-251MG cells were plated onto ®bronectin, plus/minus TGF-b1 stimulation (2.0 ng/ml), for 5 h in serum-free media, and then harvested with buered EDTA and replated onto ®bronectin-coated coverslips in serum-free media without TGF-b1 stimulation for 30 min (378C, 5% CO 2 ), followed by immuno¯uorescent analysis. . In our study, we focused on later time points, as we had found only a small increase in paxillin protein expression at 1.5 h.
Other investigators have reported previously that transfection of the a5 subunit of the ®bronectin receptor integrin into myoblasts promoted cell proliferation and increased paxillin protein expression (Sastry et al., 1999) . In our experiments, we found similar levels of paxillin in the malignant astrocytoma cells plated onto ®bronectin, laminin, or vitronectin for 5 h. Thus, although our experiments are not directly comparable to those reported in myoblasts (Sastry et al., 1999) , our data demonstrate that engagement of the a5b1 integrin by plating on a ®bronectin substrate does not in itself result in increased paxillin protein expression in U-251MG cells, as compared to engagement of the a6b1 laminin receptor integrin and the avb3/avb5 vitronectin receptor integrins. However, our data do suggest that there is a cooperation of TGF-b1 with the a5b1 ®bronectin receptor integrin in the malignant astrocytoma cells, as TGF-b1 failed to increase the expression of paxillin protein when the cells were plated onto other substrates (laminin, collagen, or vitronectin) . Plating of the cells on mAb anti-a5 that had been immobilized on plastic followed by TGF-b1 stimulation failed to increase paxillin protein, perhaps due to the incomplete cell spreading that occurs when the U-251MG are plated onto mAb anti-a5 (Gladson, unpublished data) .
The increase in paxillin protein expression that we detected upon TGF-b1 stimulation was associated with a signi®cant increase in cell attachment to ®bronectin and vitronectin at 30 min. TGF-b1 stimulation also resulted in increased cell spreading on ®bronectin and less so on vitronectin at 30 min, but not on collagen, that correlated with paxillin, integrin a5b1, and Crk localization to the plasma membrane in ®lopodia and lamellipodia. No change in cell spreading was detected at 1 h in cells prestimulated with TGF-b1 as compared to those not pre-stimulated, suggesting that elevated levels of paxillin protein promote a more rapid spreading of the cell. Thus, the mechanism by which increased paxillin protein expression promotes cell attachment over a 30 min assay is likely due to increased and/or a more rapid paxillin recruitment to the plasma membrane of a complex of proteins that help to mediate reorganization of the actin-based cytoskeleton. Other investigators have shown previously that paxillin helps to recruit a Crk-DOCK 180 complex to the plasma membrane that can activate Rac1, and a complex containing PAK1, Nck, members of the Cdc42/Rac1 guanine nucleotide exchange factor family, and the ARF-GAP protein p95PKL to the cell membrane (Kiyokawa et al., 1998a,b; Norman et al., 1998; Turner et al., 1999) . In addition, TGF-b1 has been reported to induce expression of E-cadherin, as well as its undercoat-associated proteins a-and bcatenins, in a mechanism that required induction of ®bronectin and its integrin receptor and resulted in increased cell-cell adhesion (Wang and Chakrabarty, 2001) . Whether the latter downstream event of TGFb1 stimulation is occurring in the U-251MG cells and modulates cell-matrix adhesion remains to be investigated. These tumors synthesize ®bronectin in vitro and probably in vivo, as well as synthesizing vitronectin in vivo (reviewed in Gladson, 1999) . Transient increases in TGF-b1 in these tumors due to an autocrine or paracrine mechanism could thus result in increased, or a more rapid, cell attachment that promotes subsequent tumor cell migration and invasion. The increased cell attachment is not due to upregulation of the respective integrin receptors, as we found within the time frame of these assays that TGF-b1 stimulation did not increase cell surface expression of the ®bronectin or vitronectin receptor integrins. TGF-b1 stimulation can modulate cell adhesion in some cell types in speci®c conditions through the upregulation of ®bronectin and its integrin receptor (Zimmerman and Padgett, 2000) .
TGF-b1 is known to have pleotropic eects on cells in vitro, including regulation of gene transcription, activation of JNK kinase, inhibition of cell growth, and modulation of the immune response (Zimmerman and Padgett, 2000) . In contrast to its eects on most cells propagated in vitro, TGF-b1 has a growthpromoting eect on some malignant astrocytoma cells (reviewed in Kjellman et al., 2000) . In the most malignant astrocytic tumor, known as glioblastoma, there is elevated expression of TGF-b1 and b2 mRNAs, as well as the TGFb receptor mRNAs, TbR-I and TbR-II (Kjellman et al., 2000) . However, there is markedly lower expression of Smad2, Smad3 and Smad4 mRNA, which are downstream eectors of TGF-b, in these tumors (Kjellman et al., 2000) . This downregulation of Smad2, Smad3 and Smad4 may account for the lack of growth inhibition observed when malignant astrocytoma cells are treated with TGF-b1 in vitro. We investigated the ability of TGF-b1 to modulate cell proliferation of the U-251MG cells plated onto ®bronectin in serum-free conditions and stimulated with 2.0 ng/ml TGFG-b1 for 5 h, followed by propagation in serum free media with no TGF-b1. We found no dierence in cell proliferation at 24 and 48 h, suggesting that TGF-b1 does not modulate cell proliferation of U-251MG malignant astrocytoma cells under these conditions (Gladson, unpublished data) .
In summary, our data demonstrate for the ®rst time that TGF-b1 up-regulates paxillin protein expression in astrocytic cells and acts largely at the level of translation, but fails to increase paxillin phosphorylation on tyrosine residues. Furthermore, TGF-b1 upregulation of paxillin protein requires a cooperative interaction with the a5b1 ®bronectin receptor integrin. As TGF-b1 is synthesized by malignant astrocytoma cells in vivo (Kjellman et al., 2000) , our data suggest an autocrine or paracrine mechanism whereby TGF-b1 up-regulates paxillin protein expression in vivo and thereby promotes tumor cell adhesion to ®bronectin.
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